The possibility of the impact sensitivity prediction based on the physicochemical properties and element composition of explosives contributes to a faster research of novel high explosives (HE), reduces the research costs and helps to improve the explosive safety. This paper analyzes the existing methods for the prediction of impact sensitivity and introduces a response surface methodology (RSM). The new method comprises a correlation between impact sensitivity and two primary properties of HE: detonation velocity and heat of detonation. Calculated impact sensitivities are compared to the experimental values taken from the literature in order to validate the approach.
Introduction
HE research in the field of high explosives (HE) has a growing tendency to achieve better explosive performance that is often accompanied with the energy content increase. The higher energy content almost inevitably leads to an increase of HE sensitivity and a reduction in safety [1] . Because sensitivity is a major characteristic of HE, it is especially desirable to have a valid method of predicting sensitivity based on the available experimental and calculated data. The performance and sensitivity properties of a candidate for a new high explosive as well as for a new HE mixture are very important because its development, manufacture and testing is cost effective, environmentally desirable and because of its time saving capabilities. Since safe handling is one of the most important issues to the scientists and engineers who handle HE, the correct estimation of the explosive safety presents substantial significance [2] .
The study of explosives by the theoretical methods has provided an extensive insight for identification of promising and elimination of undesirable candidates for an additional consideration. Numerous studies have been done to relate impact sensitivity to various properties of pure HE such as oxygen balance [3] [4] [5] , quantum chemical calculation [6] [7] [8] [9] , physicochemical properties and elemental composition of HE [2, [10] [11] [12] [13] , quantitative structureproperty relationship (QSPR) models using computational data mining methods [14] [15] [16] [17] [18] [19] etc. Detonation velocity and the heat of detonation are used in this paper to predict impact sensitivity of the selected mixtures of aluminized HE. The purpose of this paper is to predict a simple correlation between impact sensitivity of the aluminized HE mixtures and chosen detonation parameters using the response surface methodology [20] . The coefficients of the response function and their statistical significance were evaluated by the least squares method using the DesignExpert v.9.0 software, Stat-Ease, Inc.
Impact sensitivity prediction models
One of the important factors in assessing of the HE is its susceptibility to detonation caused by accidental or intentional impact stimuli. Drop weight or drop hammer test is one of the most frequent tests used for evaluation of the impact sensitivity [21] . The drop weight impact test is convenient method by which few milligrams of an explosive material are placed between the steel anvil and the striker. Different criteria are used in order to judge whether the reaction has occurred. Unfortunately, it is highly subjective that the judgment of the test apparatus operator is relied upon to detect the smell from or sound of an event if a flash does not occur. Since the initiation by an impact is extremely complicated, reported data serve only as an approximation indication of sensitivity. The results of a drop weight impact measurement are not often reproducible and give widely varying h 50 values in some cases [12, 21] .
The initiation of explosions on the test machine has a probabilistic nature, i.e., at a fixed weight drop height h in a series of parallel experiments, explosions occur with a certain probability (frequency) f = N + /N 0 ·100%, where N + is a number of explosion reactions that was detected and N 0 is a total number of experiments in the series. As h increases in the range h 0 < h < h 100 , the probability of explosions changes in the interval f = 0-100%. The dependence f(h) in a graphical representation is called the explosion frequency curve.
T
The most reliable point of this dependence is the quantity h 50 for which f = 50% [12, [22] [23] [24] . Hence, h 50 denotes the height in centimetres, at which the probability of explosion is 50%.
Theoretical studies of energetic materials have provided a considerable insight into understanding of factors affecting their behaviour. Out of numerous studies of correlations of impact sensitivities with various molecular features, structural and electronic, Kamlet and Adolph [3, 4] introduced a very simple conventional scheme that can be applied to a large number of HE. In their work, the impact sensitivity is linearly related to a measure of oxygen balance by the following equation:
log h a a OB = +
(1) 
The coefficient of determination (COD) for the selected HE using Equation 3 was 0.96 [5] .
Rice and Hare [6] introduced five models based on the quantum mechanical calculations of the individual molecules using parameters related to the features of the surface electrostatic potentials (Equations 4-8).
( )
where h 50 is in cm, V M is the approximate electrostatic potential at the midpoint of each bond in kcal mol -1 , V + and V -are the averages of the positive and negative values of the electrostatic potential on the molecule isosurface in kcal mol -1 , ν is the balance parameter of the generalized interaction property function, and Q det is the heat of detonation in kcal g Keshavarz [2, 10, 11] gave several approaches in the impact sensitivity estimation primarily based on the elemental structure of HE. Eqs 9-11 [2] can be used for 
where y 1 -y 4 are adjustable coefficients which can be obtained from the fitting functions of impact sensitivities experimental data and n is a number of R−C(NO 2 ) 2 −CH 2 − moieties attached to the oxygen of carboxylate functional groups where R is the alkyl group. Optimized parameters, calculated using multiple linear regression method, have the following values: y 1 = 2.47, y 2 = 0.371, y 3 = -0.485 and y 4 = 0.185. Denisaev et al. [12] submitted an impact sensitivity estimation for the liquid explosives based on a maximum volumetric heat of the explosion presented by the general eq.13. Volumetric heat of explosion is actually a mass heat of explosion multiplied with the HE density. 
where h 50 is in J, ρ is in g cm -3 , B is in g atom kg -1 , Q max is in kcal kg -1 and T m is in °C.
Response surface methodology
Generally, the impact sensitivity prediction methods, given in the literature, deal with pure HE. This approach is quite satisfactory when it comes to the investigation of new HE. On the other hand, for the analysis of explosive mixtures already in use or for new mixtures, there are no suitable methods. The main reason for that is the variety of components used in mixtures and their different features. RSM that can be applied to aluminized HE mixtures correlates the impact sensitivity to a velocity of detonation and heat of detonation. HE mixtures composition is given in Table 1. A two-variable design of the impact sensitivity optimization using the selected independent parameters was performed. The actual variable values are summarized in Table 2 . The ranges of the independent values are taken from the available data for the HE mixtures. The experimental design consisted of 12 runs. Each experimental design run was performed in triplicates and the data produced were averaged with the standard deviations. The Design-Expert v.9.0 software was used for the regression and graphical analysis of the experimental data. ANOVA was performed in order to evaluate the statistical significance of the model.
Results and discussion
The h 50 value of impact sensitivity is considered as the output variable. Adequacy of the two-factor interaction regression model was proved by the ANOVA test, significance of the model coefficients in eq.15 was tested using the Student test (Fig.1) . The ANOVA results indicate that two-factor interaction model is significant (F value = 47.1) with a standard deviation of 2.50 and with p-value < 0.0001. The adjusted R 2 value of 0.9263 was in a reasonable agreement with the predicted R 2 value of 0.7797, with a signal to noise ratio of 21.4. All the variables showed both individual and interacting significant effect on the output. The quantitative effects of the velocity of detonation (D) and heat of detonation (Q) as independent variables and their interactions on the impact sensitivity (h 50 ) as the output variable are given in eq.15. 
The comparison between the experimental and calculated h 50 values (using eq.15) shows that the predicted model is in a good agreement with the experimental data with standard error of 2.21, average relative error of 3.29 and chi square 1.41E-04. Fig.2 shows a linear correlation plots between the actual and predicted values of the impact sensitivity. Used model gives correlation coefficient 0.9463 suggesting its good agreement with the experimental data. The contour and 3D plots of the relationship between the impact sensitivity and velocity of detonation and heat of detonation is shown in Figures 3 and 4 . Optimization of the independent variables in order to achieve a maxed impact sensitivity is conducted through the multiple response method of a desirability [28] . The desirability will be 1 for the optimized impact sensitivity if the detonation velocity is greater than 6.9 km s -1 and the heat of detonation is greater than 7.9 MJ kg -1 .
Conclusion
Presented method for impact sensitivity prediction of the aluminized HE shows a good agreement with the experimental data taking into account that their different values are often identified in various reported experiments. Coefficient of determination for the observed HE is 0.9463. This simple equation uses parameters essential for aluminized HE but does not consider aluminium particle size, charge density, other metallic compounds and presence of oxidizers i.e. nitrates and perchlorates.
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Prédiction de la sensitivité l'impact des mélanges explosifs aluminisées par la méthode "response surface methodology" La possibilité de prévoir la sensitivité à l'impact à la base des propriétés physiques et chimiques de la composition élémentaire des explosifs contribue à la vitesse du processus des examens des matériaux explosifs , diminue les frais et améliore la sécurité pyrotechnique. Dans ce papier on analyse les méthodes existantes pour la prédiction de la sensitivité à l'impact et on introduit la méthode "response surface methodology" (RSM). Cette nouvelle méthode permet la création de la corrélation entre la sensitivité de l'impact et les deux propriétés basques des matériaux explosifs: vitesse de détonation et température de détonation. Les valeurs calculées pour la sensitivité de l'impact ont été comparées avec celles expérimentales qui étaient prises dans la littérature dans le but d'évaluer la présente approche.
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Прогнозирование чувствительности к удару (шока) алюминированных взрывоопасных смесей с использованием методологии поверхности отклика (response surface methodology) Способность предсказывать чувствительность к удару на основе физико-химических свойств и химического состава взрывчатых веществ, таким образом ускоряет процесс исследования взрывчатых материалов, снижает затраты и повышает пиротехническую безопасность. Эта статья анализирует существующие методы прогнозирования чувствительности к удару и вводит методологию поверхности отклика (response surface methodology -RSM). Новый метод позволяет создавать корреляции между чувствительностью к удару и двумя основными характеристиками взрывчатых веществ: скорости детонации и детонации тепла. Расчётные значения чувствительности к удару сравниваются с экспериментальными данными, полученными из литературы с объективной оценкой этого подхода.
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